This work is an experimental study of the effect of wind on high voltage transmission lines. Two sets of models, representing a pair of tension towers and a pair of suspension towers, were constructed to a suitable scale. The two sets were tested using a delivery wind tunnel. Three different sizes of conductors were tested at three values of wind speed (5, 10 and 15 m/s). Also, the effect of environmental conditions (ice and mud) was studied. Measurements of the horizontal and vertical displacements of the conductors of different phases were recorded. The additional tension of the conductors, due to aerodynamic drag, was also measured. Useful observations and conclusions are stated.
Introduction
In recent years, as the electric capacity of transmission lines has increased, the size of transmission towers has become larger. Strong wind may cause unexpected damage to the power transmission systems, Fig. 1 [26] . Wind speed and turbulence intensity are greatly affected by terrain and climate, Fig. 2 [25] . In mountainous areas, the terrain effect is manifested in the speed-up of local wind owing to the narrow path caused by the mutual relation of location of mountain ridge and wind direction. Thus, careful study and design are needed when attempting to construct power transmission lines in such wind-hazardous areas. The subject of wind loading on transmission tower-conductor systems was reported in several text books such as [2] , [5] and [18] . It is noticed that, in all text books, the wind and ice effects are represented by empirical formulae or measurement tables. Generally, these formulae and tables are restricted to certain operating, topographical and meteorological conditions and lack generalization. Gust wind loading and sudden strong winds (typhoons) are not included. Recently, few researchers considered the wind effect on tower-conductor systems. Nakamura et al. [13] and Ishikawa et al. [6] studied local wind load on transmission tower-conductor systems. The initiative of their work was the unprecedented damage to transmission lines in West Japan that was caused by Typhoon No. 19 in 1991. Their results were based on both wind tunnel measurements and numerical simulations. Similar studies are also available, such as [7] [8] [9] [10] . Some projects [16, 22] include the installation of anti-vibrating devices to damp vibrations caused by the conductors exposed to the dynamic load of wind, Fig. 2 [25] . The transmission line conductors may have noncircular crosssections designed to minimize the effects of wind-induced motions and vibrations [14] . Automatic weather stations may be installed on top of transmission towers to monitor both the mechanical loading of the structures due to wind gusts and the thermal dissipation of conductors for ampacity studies [21] . The environmental effect on the thermal ratings of overhead conductors was investigated by many investigators such as [3, 17, 20, 23] . There are many environmental conditions that have a complicated effect on transmission systems, Fig. 3 [3] . These studies are very helpful in up-rating (increasing the power) transmission lines without violating the thermal limits of the conductors. Also, the effect of ice on transmission lines [24] and ways of de-icing [12] were investigated. Based on the above review, it is obvious that there is a clear shortage in the data of the effects of wind and environmental conditions (ice and mud) on the transmission line systems. This work is a comprehensive parametric study that is based on wind tunnel experimental investigation. The parameters include wind speed, conductor diameter, value of sag, and distribution of ice and mud. Two sets of models that represent a pair of tension towers and a pair of suspension towers were constructed to a suitable scale. The models resemble the 220 kV lattice towers. Measurements of the horizontal and vertical displacements of the conductors of the six phases were recorded. The additional tension of each conductor, due to aerodynamic drag, was measured also. Useful remarks and conclusions are stated. 
Experimental setup
The experiments were performed using an open-circuit atmospheric-exhaust wind tunnel. Room air is pushed through a settling chamber with a honeycombtype flow straighteners and a 2:1 contraction into a test section of 0.5 × 0.5 m 2 . The flow is created by an axial-flow fan that is driven by a 5.5 kW-3 phase motor. At the inlet of the axial fan, a gate is used, as a mechanical method, to control the air speed. The measurements were carried out at three different wind speeds, namely: 5, 10 and 15 m/s. A Pitot-static tube was used to measure the wind speed. The experiments were carried out in the open area that directly follows the exit of the test section of the wind tunnel, Fig. 4 .
Models and measuring techniques

Models
Two sets of models that represent a pair of tension towers and a pair of suspension towers were constructed to a scale 1:50. The models resemble the 220 kV lattice, double circuit, single earth wire towers, see Fig. 5 . Aluminum and iron rods of L-section were used to construct the models. Rivets and bolts were used to assemble the models. The insulators were replaced by simple suspension arrangements that facilitate the measurement of displacements and additional tension of conductors, Fig. 6 . Two wires of diameters 2 and 5 mm were used to resemble the conductors. Another strand conductor of 15 mmdiameter was also investigated. No corrections, to consider the different scaling of towers and conductors, were applied [6] . 
Measurement of horizontal and vertical displacements
The horizontal displacement of the conductor changes the safe distance between conductors. In severe wind conditions, when conductors approach each other, a strong short circuit may be expected, Fig. 7 [26] . This situation may be demonstrated by Warrington's formula [18] as follows:
Still air:
Cross wind blowing:
where L sc is the length of arc (ft) in still air and equals to the conductor spacing, I is fault current (amps.), S c is the conductor spacing (ft), V a is the wind speed (mph), and t is the arc duration (Sec.). Thus, a strong damage may occur to the transmission-line system. On the other hand, the vertical displacement of the conductor changes its natural (or preset) sag, Fig. 8 [26] . In still air, tension-sag relation takes the form:
where T is the mechanical tension in the conductor, ρ L is the mass of conductor per unit length, L is the span of the conductor, g is the gravitational acceleration, and S is the sag at the mid-point of the span. Continuous blowing of wind may reduce sag and increase the clearance between the conductor and earth. Traditional means of measuring the distance are not practical in the present case where changes of the position of the mid-point of the span in the vertical and horizontal directions are to be measured. The traditional means interfere with the air that exits from the wind tunnel. This may change the air speed, direction, and quality. Two laser pointers were used simultaneously to measure the horizontal (∆X) and vertical (∆Y) displacements. The laser pointers are forced to slide in the horizontal and vertical directions on a simple steel frame. Before turn-on of the wind tunnel (V a = 0.0), the two pointers are moved until their lights intersect with the mid-point of the span of conductor. Thus, the initial horizontal (X o ) and vertical (Y o ) coordinates are determined. Then, while the air is blowing at certain speed, the horizontal and vertical pointers are moved so that their lights intersect again with the mid-point of the span of conductor. Thus, the final horizontal (X f ) and vertical (Y f ) coordinates are determined. So, the displacements due to wind are found from: Normalized horizontal displacement:
Measurement of additional tension
A simple force balance was used to measure the additional tension of the conductor of each phase due to wind, Fig. 4 . The force balance is consisted of a small water container, which is scaled to give the volume of water, a pair of small pulleys and a wire that connects one end of the conductor to the water container over the pulleys. Before turn-on of the wind tunnel (V a = 0.0), the midpoint of the span of the conductor is adjusted to the required sag by adding a volume of water (Q o ) to the container. The vertical position of the container is determined. When the air blows at certain speed (V a ), the conductor is pushed to move and consequently the container moves upwards. Water is added again to restore the initial position of the container. The final volume of water is Q f . The additional force due to wind is found from:
where ρ w is the water density and g is the gravitational acceleration. All measurements were carried out at steady values of the air velocity. The effect of wind fluctuations can be evaluated by considering the gust effect factor (GEF) [7] [8] [9] [10] . The equivalent wind loading is equal to the mean wind force multiplied by a GEF. The GEF accounts for the dynamics of wind fluctuations and the load amplification introduced by the transmission-system dynamics. Values of GEF are found in the international codes and standards of wind loading according to the operating conditions. This may be attributed partially to the increase of overall weight of the conductor but mainly to the additional disturbance created by mud pieces in the flow field around the conductors. These conductors take the form of circular cylinders with coshine distribution. Thus, a big increase of the aerodynamic drag is expected. Figures 12 and 13 [4, 15] . Thus, the aerodynamic drag increases with diameter (which means the increase of Reynolds number) and thus pushes the conductor horizontally and vertically. An important point to state is that there is a noticeable mutual aerodynamic interference between the conductors of different phases. However, this point needs deeper investigation [1, 11, 19] . Also, deeper knowledge is needed on the swinging and clashing risks of cables in large bundles without spacers. 
Least-squares regression
In order to generalize the measurements, least-squares regression was used to find the relation between the different parameters that affect the normalized vertical and horizontal displacements as well as normalized additional wind load. 2 show that, within the tested values of Reynolds number, Re has almost negligible effect on ∆X n , ∆Y n and T n .
A summary of a general scheme (methodology) of the effect of wind/environment conditions on the power transmission lines is shown in Fig. 18 . The scheme covers other aspects than those considered in the present study. 
Conclusions
The present study is an experimental investigation of the effect of environmental conditions on high voltage transmission lines. Different parameters were investigated such as conductor diameter and phase, wind speed, tower type, and distribution of mud. The horizontal and vertical displacements as well as the additional tension, due to wind, of the conductors are recorded. From the above discussions, the following points can be stated:
1. Generally, the values of ∆X n , ∆Y n and T n depend on conductor diameter, wind speed, sag and distribution of mud.
Xn -Measurements Xn -Regression 3. Generally, for suspension towers, values of ∆X n , ∆Y n and T n may reach oneorder of magnitude higher than those of tension towers.
4. Distributed mud has a small effect on both ∆X n and ∆Y n . However, distributed mud increases the values of T n by 2-4 times the values without mud.
5. Increasing the conductor diameter increases considerably the values of ∆X n , ∆Y n and T n .
6. For suspension towers, T n may reach 40-50%. Whereas, for tension towers, T n may reach 10-25%.
7.
Increasing the values of ∆X n , ∆Y n and T n may be attributed to the change of the wake pattern behind the conductor. Thus, the aerodynamic drag pushes the conductor horizontally and vertically. 8. There is a mutual aerodynamic interference between the different phases that need deeper investigation. 9. Further investigations are needed to estimate wind load on tower structure.
